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Summary
The mature mammalian oocyte is highly polarized be-
cause asymmetrical spindle migration to the oocyte
cortex ensures extrusion of small polar bodies in the
two meiotic divisions, essential for generation of the
large egg. Actin filaments, myosin motors, and for-
min-2, but not microtubules, are required for spindle
migration [1–3]. Here, we show that Cdc42, a key regu-
lator of cytoskeleton and cell polarity in other systems
[4–10], is essential for meiotic maturation and oocyte
asymmetry. Disrupting CDC42 function by ectopic ex-
pression of its GTPase-defective mutants causes both
halves of the first meiotic spindle to extend symmetri-
cally toward opposing cortical regions and prevents
an asymmetrical division. The elongated spindle has
numerous astral-like microtubules, and aPKCz, nor-
mally associated with the spindle poles, is distributed
along its length. Dynactin is displaced from kineto-
chores, consistently homologous chromosomes do
not segregate, and polar body extrusion is prevented.
Perturbing the function of aPKCz also causes elonga-
tion of the meiotic spindle but still permits spindle
migration and polar body extrusion. Thus, at least
two pathways appear to be downstream of CDC42:
one affecting the actin cytoskeleton and required for
migration of the meiotic spindle, and a second affect-
ing the spindle microtubules in which aPKCz plays
a role.
Results and Discussion
CDC42 is a small GTPase that belongs to the Rho family,
which has multiple functions in regulating both the mi-
crotubule and actin cytoskeleton [4]. Molecules showing
physical interactions with CDC42 include both formin
and members of the Par3/Par6/aPKC polarity complex
[4, 7, 8]. As formin is required for asymmetrical position-
ing of the spindle and as both Par3 and Par6 localize
asymmetrically in the oocyte following spindle migration
[3, 9–11], we considered that CDC42 could have an in-
volvement in these processes. To determine whether
CDC42 is involved in the asymmetric spindle migration,
we examined the effects of expression of two GTPase-
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N17CDC42 has a reduced affinity for nucleotides and
thus functions as a dominant-negative mutant, and
L61CDC42 has a defect in hydrolyzing GTP and is thus
considered to be constitutively active [12, 13].
We microinjected the mRNA encoding each of these
mutant forms of CDC42 into germinal vesicle (GV) oo-
cytes and cultured them for 15 hr, a period in which con-
trol oocytes undergo complete maturation until the
metaphase II stage. We found that expressing either of
the mutants led to a significant reduction in the percent-
age of oocytes protruding the first polar body. This was
due to failure to complete the first meiotic division, as
the percentage of oocytes remaining arrested at the
GV stage was similar in control and injected groups
(Figure 1A). To examine whether the above effect could
be due to the toxicity of Rho GTPase mutants in general,
we microinjected the same concentrations of mRNA
encoding either wild-type CDC42 (wtCDC42) or consti-
tutively active mutant of RhoA (V14RhoA) into separate
groups of oocytes. These oocytes showed only an insig-
nificant reduction in their polar body protrusion rate,
possibly due to slight side effects of the injection (Fig-
ure 1A). Thus, the observed arrest during meiotic matu-
ration was specific to CDC42 mutants.
To examine how CDC42 mutants perturbed the first
meiotic division, we coinjected tubulin-GFP mRNA
with CDC42 mutant mRNA into GV oocytes and filmed
the course of meiotic maturation by time-lapse micros-
copy. Ectopically expressed tubulin-GFP was incorpo-
rated into spindle microtubules, enabling us to monitor
their behavior in the living cell. The first meiotic division
in mouse is unique; its prometaphase lasts for 6–7 hr,
during which time the meiotic spindle forms and
migrates to one side of the cortex. In control oocytes
expressing tubulin-GFP alone, the meiotic spindle was
visible about 4 hr after GV breakdown (GVBD). It subse-
quently migrated toward its nearest point at the cortex
and this was followed by a rapid extrusion of the first
polar body (Figure 1Ba). In oocytes injected with
N17CDC42, a spindle of seemingly normal size was ini-
tially formed. However, it remained in the central part
of the cell, and both of its poles then simultaneously
extended toward opposing points at the cortex (Fig-
ure 1Bb). This resulted in an unusually long spindle
stretching from one side of the oocyte to the other.
These oocytes were unable to complete an asymmetri-
cal division. A similar phenotype was observed in oo-
cytes expressing L61CDC42 (Figure 1Bc). Observing
these live oocytes on a spinning disk confocal micro-
scope at 4–5 hr and 5–6 hr post-GVBD revealed that
microtubules in the elongated spindles of oocytes
expressing CDC42 mutants had a highly uneven density
and were less well organized from 5 hr post-GVBD (Fig-
ures 1Ba, Bb, and Bc, inserts). This striking spindle mor-
phology and behavior were specific to the expression
of mutant forms of CDC42, since normal spindles were
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1250Figure 1. Expression of CDC42 Mutants Perturbs the Asymmetrical Division of Mouse Oocytes
(A) Bar graph presentation of the maturation percentage of oocytes expressing CDC42 mutants, wtCDC42, and V14Rho. Control group is un-
injected oocytes. The stage is as indicated. Each experiment was repeated at least three times. The total numbers of the oocytes of different
groups were listed at the bottom of the graph. The error bars are standard deviations of results from three or more independent experiments.
(B) CDC42 mutants cause the first meiotic spindle to extend symmetrically toward the opposing cortex. Time-lapse images of oocytes under-
going the first meiotic division. The mRNA injected is indicated by subpanels (Ba), (Bb), and (Bc). Spindles from representative frames are high-
lighted by colored boxes. Confocal images of spindles at corresponding time window were incorporated as inserts.
(Ca and Cb) Time-lapse images showing the behaviors of spindle poles in oocytes injected with tubulin-GFP mRNA (Ca) and the mixture of
N17CDC42 and tubulin-GFP mRNA (Cb). Arrowheads indicate the narrow pole and its unstable contact with the cortex in the N17CDC42 oocyte.
(D) Quantitative analysis of spindle behavior. Cartoon, an oocyte in the metaphase of meiosis I. S, the length of the spindle. D1, the distance
between the closer spindle pole to the cortex. D2, the distance of the further spindle pole to the cortex. Line graphs, the markers representing
the construct injected are listed at the bottom. The error bars are standard deviations of the data series at each time point. Black or gray asterisks
mark the time points at which the difference in S, D1, or D2 was found statistically significant (Student’s t test p% 0.05) between N17CDC42 or
L61CDC42 and the control. Note that oocytes expressing either N17CDC42 or L61CDC42 have markedly bigger S than control oocytes. And
accordingly, the D2s of these oocytes are significantly shorter than that of the control oocytes. Number of oocytes measured: tubulin-GFP,
n = 6; N17CDC42, n = 5; L61CDC42, n = 4.observed following the overexpression of wild-type
CDC42 or MycV14Rho at equivalent concentrations
(Movies S1–S4 provided in the Supplemental Data avail-
able with this article online). Closer examination also re-
vealed that CDC42 mutants affected the behavior of the
spindle poles. In control oocytes expressing tubulin-GFPalone, the barrel-shaped spindle moved toward the
cortex in a steady manner (Figure 1Ca). In contrast, in
oocytes expressing CDC42 mutants, the spindle was
narrower with less defined poles and had microtubules
that appeared to make chaotic interactions with the
cortex at numerous sites (Figure 1Cb).
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1251Figure 2. Spindle Abnormalities Caused by
CDC42 Mutants
(A) Three-dimensional reconstructed confo-
cal images of actin (red), tubulin (green), and
DNA (blue) in CDC42-injected oocytes. The
arrow points to the enrichment of cortical
actin above the spindle in uninjected (Aa)
and wtCDC42-injected (Ab) oocytes. In
N17CDC42 (Ac)- and L61CDC42 (Ad)-injected
oocytes, actin is uniformly distributed around
the cortex.
(B) CDC42 mutants disrupt the localization of
phosphorylated aPKCz and P50/dynamitin.
Phosphorylated aPKCz (Ba) colocalizes with
P50/dynamitin (Be) at kinetochore/centro-
mere during meiosis I (Bi). wtCDC42 does
not affect their localization (Bb, Bf, and Bj).
N17- and L61CDC42 disrupt their spindle
pole and kinetochore localizations, respec-
tively (Bc, Bd, Bg, Bh, Bk, and Bl). Phosphor-
ylated aPKCz, red; P50/dynamitin, green;
DNA, blue. Arrowheads indicate the punctate
dots of both aPKCz and P50/dynamitin at the
end of chromosomes. In the case of wt-,
N17-, and L61CDC42, a small amount of
tubulin-GFP mRNA is coinjected to help to
identify positive oocytes.To quantitatively compare the behavior of the spindle
in wild-type oocytes and those expressing CDC42 mu-
tants, we measured the spindle length (S), the distance
of the spindle pole to the closer cortex (D1), and the dis-
tance of the other spindle pole to the further cortex (D2)
over time (Figure 1D). Both the control and CDC42 mu-
tant oocytes had a similar S at 4 hr post-GVBD (control =
26 6 2.16 mm, N17 = 23 6 1.53 mm, L61 = 27.16 6 4.33
mm, average 6 STDEV). However, the differences be-
came significant from 1 hr later. While in control groups,
S remained similar throughout first meiosis (at 6 hr post-
GVBD, 27 6 3.4 mm, average 6 STDEV); in oocytes
expressing either CDC42 mutant, S was significantly
larger (6 hr post-GVBD, N17 = 47 6 1.33 mm, L61 =
46 6 11.53, average 6 STDEV). These spindles also
showed a variation in length between different time
points that was much greater than that in the control oo-
cytes, suggesting that the microtubules comprising the
spindle were more dynamic. By 7 hr post-GVBD, most
oocytes in the control group had already protruded the
polar body, while oocytes expressing the CDC42 mu-
tants were still single cells with long spindles. The con-
trol group and CDC42 mutant groups showed similar
values of D1 during meiotic progression (Figure 1D). In
contrast to the control oocytes, in which D2 increased
steadily over time, D2 in CDC42 mutant oocytes de-
creased as the spindle pole, which was initially further
away from the cortex, also migrated toward the oppos-
ing cortex. This striking spindle elongation was not due
to premature segregation of homologous chromosome
(Figure S1). Thus, CDC42 mutants perturb the first mei-
otic division by promoting the elongation of both sides
of the spindle toward opposing cortical sites rather
than the normal one-side movement.
Together, these results suggest that at least three
types of abnormality result from disruption of CDC42
function: first, a failure of the meiotic apparatus to mi-
grate to the oocyte cortex; second, elongation of the
spindle; and third, the unusual shape of the spindlepoles that undertake oscillatory interactions with the
cortex.
To examine cytoskeleton defects in oocytes express-
ing the mutant forms of CDC42 in better detail, we in-
jected oocytes with either wild-type or the two mutant
forms of CDC42 and then fixed them for immunostaining
at 6–7 hr post-GVBD. We found that spindles were cen-
trally located and cortical actin was uniform in CDC42
mutant oocytes, while in the control group, spindles
had migrated to the cortex and had induced a patch of
cortical actin above them (Figures 2Aa and 2Ab). More-
over, spindles in CDC42 mutant oocytes were associ-
ated with multiple arrays of astral microtubules, giving
them a fuzzy appearance in contrast to the barrel-
shaped spindles of control oocytes with very short astral
microtubules. MTOCs comprising the spindle poles
were less organized and sometimes split to several clus-
ters (Figures 2Ac and 2Ad). Mutant forms of CDC42 also
abolished the MT-independent movement of chromatin
to the cortex and formation of the patch of cortical actin
in the presence of nocodazole (Figure S2).
To further investigate the effects of CDC42 mutants
upon the spindle microtubules, we examined the distri-
bution of molecules associated with the kinetochores
and the spindle poles. We had found that atypical pro-
tein kinase Cz (aPKCz) associates with the spindle poles
as is known for several other protein kinase C isoforms
[14, 15]. In control oocytes (uninjected or injected with
wild-type CDC42), the active phosphorylated form of
aPKCz was concentrated at spindle poles 6 hr after
GVBD (Figures 2Ba and 2Bb). It was also present in
the region of kinetochores, where it colocalized with
the kinetochore dynactin complex revealed by staining
for P50/dynamitin (Figures 2Be, 2Bf, 2Bi, and 2Bj). How-
ever, in oocytes expressing N17CDC42, the spindle pole
and kinetochore localizations of phosphorylated aPKCz
were completely abolished, leaving only traces of phos-
phorylated aPKCz associated with the spindles but not
localized at the poles (Figure 2Bc; 8/10 oocytes from
Current Biology
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cant spindle-associated phosphorylated aPKCz stain-
ing was seen in oocytes expressing L61CDC42, this
was in large punctae that were dispersed throughout
the spindle (Figure 2Bd; 7/10 oocytes from two experi-
ments). The different aPKCz localization likely results
from the different nature of N17- and L61CDC42 mu-
tants. N17CDC42 has reduced affinity for nucleotides
and functions as a dominant-negative GTPase, there-
fore inhibitory to aPKCz function. L61CDC42 cannot
hydrolyze GTP and is considered to be constitutively
active. Its overexpression could lead to either overacti-
vation of aPKCz or its activation at incorrect places, in
this case, all over the spindle. Both inhibition and inap-
propriate activation of spindle pole aPKCz could mis-
regulate spindle microtubules and account for the
multiple arrays of astral-like microtubules observed
associated with these spindles. The presence of multi-
ple microtubule foci at the spindle poles and disorga-
nized microtubules along the spindle may explain why
microtubules repeatedly attempt to establish contact
with the oocyte cortex. In addition, it is possible that
CDC42 and aPKCz are normally required to maintain
a stable interaction between one of the meiotic spindle
poles and the cortex, and so in the absence of their nor-
mal function, such contacts would not be stabilized.
The staining of P50/dynamitin subunit of dynactin
complex was also displaced from the kinetochores fol-
lowing the expression of either mutant form of CDC42
(Figures 2Bg–2Bh). This is interesting because the
lengthening of spindle microtubules has been described
as resulting from the inhibition of dynein/dynactin com-
plex and subsequently the mislocalization of the kine-
sin-like proteins that can be present at either the plus
or minus ends of the microtubules at the kinetochore
or spindle poles, respectively [16, 17]. Thus, it is con-
ceivable that elongation of the spindle in oocytes
expressing CDC42 mutants is a consequence of the
defects in organization of either or both the kinetochores
and the spindle poles. Disruption of the poles and kinet-
ochores could lead to the loss of microtubule end desta-
bilizing molecules, resulting in their elongation to the
maximum length permitted, thus extending between op-
posite regions of the cortex.
In our study, both dominant-negative or constitutively
active CDC42 caused similar cytoskeleton phenotypes,
a phenomenon also reported by others. In rat astro-
cytes, the polarized positioning of the MTOC was se-
verely inhibited by N17CDC42, while L61CDC42 had
a similar but partial effect [18]. In budding yeast,
L61CDC42 behaved similarly to N17CDC42 and failed
to restore cell polarity when endogenous CDC42 was
deleted [5]. It has been proposed that the correct spatial
activation of CDC42 is crucial for the proper regulation
of cytoskeleton activity and cell polarity [5, 13, 18].
Although dominant-negative and constitutively active
CDC42 mutants interfere with the function of endoge-
nous CDC42 through seemingly opposite ways, they
both disrupt its correct spatial activation. Therefore,
it is conceivable that the downstream effectors of
CDC42, such as the Par6/Par3/aPKCz complex, the dy-
nein/dynactin complex, MRCK, and PAKs [18–21], could
be either inhibited or recruited to inappropriate sites,
subsequently, leading to multiple defects.As aPKCz is a downstream effector of CDC42 that
plays important roles in the reorientation of MTOCs
and the establishment of cell polarity in several somatic
cell types [4], we next asked whether perturbation of
aPKCz function would affect the meiotic division in
a similar manner to CDC42 mutants. To determine this,
we expressed wild-type or dominant-negative forms of
mouse aPKCz in oocytes by microinjection of their
mRNAs. Tubulin-GFP mRNA was coinjected to visualize
the behavior of spindles by time-lapse imaging. We
found that, in oocytes injected with wild-type aPKCz
(aPKCzwt) mRNA, normal-sized spindles formed cen-
trally and then migrated toward the oocyte cortex (Fig-
ure 3Aa). In contrast, oocytes expressing dominant-
negative aPKCz (aPKCzdn), developed elongated
spindles (37 6 4 mm, n = 10, from two independent
experiments), although not as long as those seen in
oocytes expressing CDC42 mutants. Although these
spindles were positioned centrally at 5–6 hr post-
GVBD (Figure 3Ab), they were capable of migrating to
the cortex at 6–8 hr (data not shown). Accordingly, we
found that the expression of aPKCzdn caused only
a slight reduction in the number of oocytes protruding
the first polar body by 8 hr post-GVBD (Figure 3B). These
results indicate that aPKCz could act downstream of
CDC42 and is involved in the regulation of spindle
Figure 3. Spindle Defects after Expression of Dominant-Negative
aPKCz
(A) Dominant-negative aPKCz causes the elongation of the meta-
phase I spindle. Oocytes were injected with a mixture of mRNA
encoding tubulin-GFP with aPKCzwt (Aa) or aPKCzdn (Ab). Spindles
are highlighted by yellow boxes.
(B) Bar graph presentation of the percentage of oocytes arrested in
GV, without 1st PB and protruded 1st PB. The error bars are stan-
dard deviations of results from three independent experiments.
The asterisk indicates that the difference is statistically significant.
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migration of the spindle-chromosome apparatus or
polar body extrusion.
Par6 proteins associate with the active form of CDC42
[6]. As Par3 and Par6 localize asymmetrically upon
oocyte spindle migration [9–11], we next examined
whether disruption of CDC42 function also affected the
distribution of Par6. To this end, we examined the local-
ization of HA-tagged Par6A, which behaves as endo-
genous Par6A [22]. At 6 hr post-GVBD, ectopically
expressed Par6A concentrated at the cortex above the
spindle (Figure S3A) [9]. Coinjection of wild-type
CDC42 with Par6A did not change its localization (Fig-
ure S3B). However, in oocytes expressing N17CDC42,
Par6A became diffusely distributed (Figure S3C).
L61CDC42 leads to a similar diffused cytoplasmic local-
ization of Par6A; however, in this case, Par6A also con-
centrates in some vesicular structure all over the cortex
(Figure S3D). This is likely due to the random distribution
of constitutively active CDC42 throughout the oocytes
and the cortex. Thus, mutant forms of CDC42 disrupt
the polarity of the oocyte and result in the loss of asym-
metrical localization of Par6A. These results suggest
that normally there is more active CDC42 at the leading
spindle pole to promote spindle migration, strengthen-
ing the hypothesis that the correct spatial activation of
CDC42 is essential for oocytes to establish their polarity
during their meiotic maturation.
In conclusion, our results demonstrate that CDC42
plays multiple roles during the establishment of mouse
oocyte asymmetry and maturation. These include regu-
lation of actin-mediated chromosome mobility, spindle
microtubule dynamics, and organization of the spindle
poles and kinetochores. It will be of future interest to
dissect the multiple functions of CDC42 interacting
proteins to gain further insight into the regulation of
the cytoskeletal machinery that orchestrates the gener-
ation of oocyte asymmetry.
Experimental Procedures
Oocyte Collection and Culture
Oocytes were from F1 (C57BL/6 3 CBA) mice. GV stage oocytes
were collected by puncturing the follicles of ovaries from 6- to
8-week-old females. Metaphase I oocytes were obtained from GV
oocytes spontaneously undergoing maturation in M16 medium sup-
plemented with 5% fetal calf serum (FCS) at 37ºC with 5% CO2.
Metaphase II oocytes were collected from ampullae from mice
superovulated with intraperitoneal injection of 7.5 IU of pregnant
mare serum gonadotropin (PMSG) followed 48 hr later by 7.5 IU of
human chorionic gonadotropin (hCG) and cultured in M2 medium.
To disrupt microtubule cytoskeleton, oocytes were treated with
nocodazole (5 mM/ml).
Antibodies, Western Blot, and Immunofluorescence
The following antibodies were used: polyclonal rabbit anti-CDC42
antibody and epitope peptides, Santa Cruz Biotechnology; mono-
clonal rat anti-b-tubulin antibody, Abcam; monoclonal mouse anti-
Myc tag antibody 9E10, Sigma; rabbit polyclonal antibody against
the phosphorylated aPKCz, Upstate; dynactin P50, BD Transduction
Laboratories; rat monoclonal anti-HA tag 3F10, Roche.
For Western blots, oocytes were washed with phosphate-buff-
ered saline (PBS) and lysed in sample buffer (Bio-Rad). Proteins
were separated on 12% polyacrylamide gels, electrotransferred
onto nitrocellulose membranes, probed with CDC42 antibody, and
subjected to ECL detection (Amersham Pharmacia Biotech).
For immunofluorescence, oocytes were briefly exposed to acidic
Tyrode’s solution to remove the zona pellucida. They were fixed infixation buffer (130 mM KCl, 25 mM HEPES [pH 6.9], 3 mM MgCl2,
4% paraformaldehyde, 0.15% glutaraldehyde, 0.06% Triton X-100)
followed by permeabilization in PBS containing 0.2% Triton X-100.
They were then blocked with 3% bovine serum albumin (BSA)
in PBS 0.1% Tween-20 (PBST) at 4ºC overnight and incubated
with appropriate primary antibodies. Actin and DNA were stained
with Texas red-conjugated phalloidin and TOTO3, respectively
(Molecular Probes). Fluorescence was detected on a Bio-Rad
MRC-1024 laser scanning confocal microscope with a 603 oil objec-
tive (Nikon). Three-dimensional reconstruction of confocal Z-series
image and isosurfaces were done with the ‘‘easy 3-D’’ and Surpass
functions of Imaris software (Bitplane).
For specificity control of CDC42 and aPKCz antibodies, they were
incubated with 50-fold excess of its epitope peptides for 2 hr at room
temperature, then used for Western blot or immunofluorescence.
cDNA Constructs, mRNA Synthesis, and Microinjection
pRK5MycN17CDC42, pRK5MycL61CDC42, and pRK5MycV14Rho
cDNAs were generous gifts from Alan Hall. HA-Par6A construct is
from Ian Macara. The DNA fragments encoding Myc-tagged
N17CDC42, L61CDC42, and V14Rho were cloned into SmaI, Xbal
sites of RN3P vector. Myc-tagged wtCDC42 was generated by
replacing L61CDC42 fragment with wtCDC42 fragment. pRN3-
tubulin-GFP plasmid and wild-type and dominant-negative aPKCz
constructs were described elsewhere [14]. Capped mRNA was
transcribed in vitro as described in Na et al [23]. Microinjection of
oocytes was performed on a Leica DM IRB inverted microscope
as described in Zernicka-Goetz et al [24].
Imaging Experiments
Microtubule dynamics were filmed either on a Nikon Eclipse TE200
or a Zeiss Axiovert 200M epifluorescence microscope equipped
with 37ºC incubator and 5% CO2 supply. We used a narrow band-
pass EGFP filter set and a 30% cut neutral density filter from
Chroma. Exposure time was set ranging between 300 and 800 ms
depending on tubulin-GFP fluorescence level. The acquisition of
digital time-lapse image was controlled by IPLab (Scanalytics) or
AQM6 (Andor/Kinetic-imaging) software packages. The measure-
ment of S was done using ImageJ. Confocal images of spindles in
live oocytes were acquired with a 403 oil objective on a spinning-
disk confocal microscope (Zeiss/Perkin Elmer).
Chromosome Spread Assay
Oocytes were first incubated in a hypotonic solution (1% Na Citrate)
for 10 min, then put on a glass slide, fixed with a drop of freshly made
fixative (methanol/acetic acid [3:1]), dried in room temperature, and
stained with Giemsa (BDH, Prod 350862M).
Supplemental Data
The Supplemental Data include three figures and four movies and
can be found with this article online at http://www.current-biology.
com/cgi/content/full/16/12/1249/DC1/.
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